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OPHTHALMIC SURGERY METHOD USING 
NON-CONTACT SCANNING LASER 

This application is a continuation-in-part application of 
Ser. No. 07/985.617, filed Dec 3, 1992 now abandoned 5 

BACKGROUND OF THE INVENTION 

1. Held of the Invention 

The present invention relates to laser ophthalmic surgery 10 
using a compact, low-cost, low-power laser system with a 
computer-controlled, non-contact process and corneal 
topography to perform corneal reshaping using cither sur- 
face ablation or thermal coagulation. 

2. Prior Art i 5 
Various lasers have been used for ophthalmic applications 

including the treatments of glaucoma, cataract and refractive 
surgery. For non-refractive treatments (glaucoma and cata- 
ract), suitable laser wavelengths are in the ranges of visible 
to near infrared. They Include: NdiYAG (1064 nm), 20 
doubled-YAG (532 am), argon (488, 514 nm), krypton (568, 
647 nm), semiconductor lasers (630-690 nm and 780-860 
nm) and tunable dye lasers (577-630 nm). For refractive 
surgeries (or corneal reshaping), ultraviolet (UV) lasers 
(excimer at 193 nm and fifth-harmonic of Nd:YAG at 213 25 
nm) have been used for large area surface corneal ablation 
in a process called photorefractive keratectomy (PRK). 
Corneal reshaping may also be performed by laser thermal 
coagulation currently conducted with Ho:YAG lasers using 
a fiber-coupled, contact-type process. However, the existing 30 
ophthalmic lasers as above described have one or more of 
the following limitations and disadvantages: high cost due to 
the high-power requirement in UV lasers for photorefractive 
keratectomy; large size and weight; high maintenance cost 
and gas cost (for excimer laser), and high fiber-cost for 35 
contact-type laser coagulation. 

In light of the above, it is an object of the present 
invention to provide ophthalmic laser systems which offer 
the advantages of: low-cost, reduced size and weight, reli- 
ability, easy-operation and reduced maintenance. Another 40 
object of this invention is to provide a cornrnuer-controlled 
scanning device which enables use of a low-cost, low- 
energy laser for photorefractive keratectomy currently per- 
formed only by high-power OV lasers. 

It is yet another object of the present invention to ptroyidc 45 
a refractive laser system which is compact, portable and 
insensitive to environmental conditions (such as vibration 
and temperature). This portable system may also be used for 
a mobile clinical center where the laser is transported bya „ 
van. It is yet another objective of the present invention to 
provide a non-contact process for corneal reshaping using 
laser thermal coagulation, where predetermined corneal 
correction patterns are conducted for both spherical and 
astigmatic changes of the corneal optical power. S5 

The prior US. PaL No. 4,784,135 to Blum, et aL and 
assigned to IBM teaches the first use of far ultraviolet 
irradiation of a biological layer to cause ablative photode- 
composidon. This patent teaches that using a laser beam 
housing a wavelength of 193 nm and an energy level of $o 
much greater man 10 mJ/cm l /pulse can be used to photoa- 
blate corneal tissue without the buQd up of excess heat The 
present Invention on the other hand uses a process that 
allows the use of energy levels of less than 10 mJ/pulse in 
a process that still allows pbotoablation. ^ 

There are several prior art U.S. Patents relating to refrac- 
tive surgery, or photorefractive keratectomy. A UV solid- 
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stale fifth-harmonic of Nd:YAG (or Nd:YLF) laser at 213 
nm (or 210 nm), is disclosed in U.S. Pat No. 5,144,630 by 
the inventor, J. T. Lin. U.S. Pat. No. 4,784,135 suggests the 
use of a UV laser with wavelengths less than 200 nm, in 
particular Argon Fluoride (ArF) laser at 193 nm, for non- 
thermal photoablation process in organic tissue. Devices for 
beam delivery and methods of corneal reshaping are dis- 
closed in U.S. Pat No. 4,838,266 using energy attenuator, 
and U.S. Pat No. 5,019,074 using an erodible mask. Tfcch- 
mques for corneal reshaping by varying the size of the 
exposed region by iris or rotating disk are discussed in 
Marshall et al, 'Yhotoablative Reprofiling of the Cornea 
Using an Excimer Laser Photorefractive Keratectomy" Vol. 
1, Lasers in Ophthalmology, pp. 21-48 (1986). Tangential 
corneal surface ablation using ArF excimer laser or harmon- 
ics of Nd: YAO laser (at 532 and 266 nm) is disclosed in U S 
Pat No. 5,102,409. 

Hiis prior art however requires high UV energy of 
(100-300 mJ) per pulse from the laser cavity or (30^40) mJ 
20 P^se delivered onto the corneal surface, where large 
area corneal ablation using a beam spot size of about (4-6) 
mm which gives an energy density of (120-200) mJ/cm 2 . 
Moreover, the prior art Argon Fluoride excimer lasers oper- 
ate at a repetition rate of (5-15) Hz and also limit the 
25 Poetical use of the tangential ablation concept which takes 
at least (5-1 0) minutes for a -5 diopter corneal correction in 
a 5-mm optical zone. The high energy requirement of the 
currently used Argon Fluoride excimer .laser suffers the 
problems of: high-cost fin system, erodible mask and gas 
3Q cost), high-maintenance cost, large size/weight and system 
are sensitive to environmental conditions (such as tempera- 
ture and moisture). 

The prior L'Esperance patent, U.S. Pat No. 4,665,913, 
disclosed the method of a scanning laser for corneal reshap- 
35 ing. The proposed concept of this prior art, however, had 
never been demonstrated to be practical or to achieve the 
desired clinical requirement of smooth ablation of the cor- 
neal surface. This prior art is not practically useful and had 
not ever been demonstrated to be real because of the 
40 conditions in the art A high-power laser of (100-200 mJ) is 
required in the prior art in order to obtain a useful beam with 
a substantially square spot size of 05x03 mm (sec prior ait. 
Col. 3, line 65 and CoL 4, lines 1-14) due to the low 
efficiency of obtaining such a beam, and which further 
4$ requires a substantially uniform density (sec CoL 13, line 30 
and CoL 15. line 25). Tb achieve myopic correction, for 
example, the prior art (CoL 13, lines 61-66 and CoL 15 lines 
60-65) proposes a smooth laser density increase with 
increasing scanning radius under the condition that a sub- 
so stantially uniform density of the scanning beam is required 
for a substantially uniform scan area (CoL 15, lines 20-28 of 
L'Esperance). Furthermore, L'Esperance teaches (CoL 4, 
lines 40-50) that a depth of 035 mm in an area of 6 mm 
diameter might be achieved in about 15 seconds when a 
55 beam spot of Q.SxQS mm is used and each pulse ablated 14 
microns. The prior art proposes the method of having 
individual square beams (O5x05 mm) scan to the fashion of 
exact mat c hing of the square boundaries to cover the area of 
6 mm, where the overlap among these individual beams 
60 should be avoided, otherwise excessive ablation near the 
boundaries of each 0.5x0.5 mm spot causes ridges. Hiis is 
also part of the reason that the prior art requires a substan- 
tially square section of the individual beam with a substan- 
tially uniform density. 

65 The L'Esperance U.S. Pat No. 4,665,913 requires a 
complex apparatus to select a section of the beam which is 
substantially uniform in density within a siibstantially 
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square spot "dot". The overall efficiency would be less than 
10% from the output of the laser window to the corneal 
surface and requires, where a high power (at least 100 mJ) 
excimer laser than will -be required tnan the Blum, ct aL 
patent It is almost impossible tomatch exactly the boundary 5 ■ 
of each, square beam to 'achieve, a substantially uniform 
scanned area, even, if each individual beam is . perfectly 
uniform and.fajuare in shape and the smooth increase of the 
radius of scanned areas to obtain, for example, a myopic 
correction profile* would still be almost impossible to 
achieve ior anoverall smooth corneal surface; She succes- 
sive .sweep: of the scan areas would: always leave ridges 
between these weeps 1 . It should' also , be: noticed that in 
L'Esperance** patent (Ool. 18, lines 10-28) uses overlaps 
between, cach .of the scanned areas , to obtain the desired" 
ablation^ttofiles of myopic <or other) corrections. However, 15 
the ridges between eacftof the successive ailated areas arc : 
very difficult to avoidif within each scanned areajthe ablated . 
profiles .are not substantially uniform* In. fact,. one should 
expect a very rough: surface oti; tl^d^ablatei- areas :tn 
addition to^'jthc regular .ridges, between xach overlapped 20 
zones. One of the problems fpund m; these teachings is that 
each required; Individual ablated area, be substantially unK . 
form and in around or square shape, which, is very difficult 
to achieve even If a perfectly imifcjrm, square portion of a 
fundamental beam is produced using: a complex apparatus 25 
foe beam reshaping and having the .high ftriM power. 

It is not clear, mat L'Esperanpc has found a suitable 
scanning* method, or an . effective method* of .selecting a 
perfect beam (wim uniforto density and well-defined shape) 
which would overcome the aliove-Q>scribcd difficulties and 
make, the proposed teaching become practical in .cost and 
design for any clinical. uses* In fact, L'Esperance's scanning 
method has also been, challenged by another prior art of 
MullevUS. Pat No, 4,856413, where the difficulties and , 
prpblemftof L^Esperancc'j teachings are discussed (see OoL 
2, lines 1+40 of Mutter's patent). 

It |s therefore a further object of the present invention .to 
provide a method and "apparatus for corneal reshaping by 
.using software-driven, new scanning .patterns which do cot 40 
require substantially, uniform density or a specific spot 
■shape: Contrary, to V-E^ 

that there should he a rierfect bamdary among each 
square beams and mat excessive, overlap should be avoided, 
the present Invention proposes that a large portion 45 
(50%-€0%) of overlap amon^ the individual beams is 
necessary m order to achieve uniform ablated areas and a 
smooth profile without ridges. Furthermore, a low-power 
UV. laser XO. 1-2 mJ on corneal surface) at it* bare-beam 
(having typically « 34op profile) without any beam reshap- # 
ing b sufficient to achieve a smooth ablation surface based . 
oh the method proposed in the present invention; where 
oomputCTrControllcd beam . overlap and orientation, are 
employed. In addition to the -surface quality problems, it is 
alsa impossible for L'Espcranceto achieve any meaningful 55 
clinical results using his proposed techniques based on the 
present low-energy laser of (2-4) mJ from the output laser 
window and (0.1-2) mJ on corneal surface. 

Therefore, another, object -of the -present invention is to 
provide a new method of beam scanning which combines .60 
beam overlap and orientation for a random beam density 
attribution on the ablated corneal surface such that the 
individual beam -profiles are not critical; where the focused 
beam (spat sizeof(U-L2mm) uses very low energy (OJ-2 
ml) and at - its bare-profile is delivered onto the corneal 65 
surface in an averaged fashion. Uniform* near flat-top 
ablated arearpf (1-9 mm in diameter) can be performed by 
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the nonuniform starting-beam, but only when a set of 
specific predetermined overlap and orientation parameters 
are used. Portions of the theoretical background was pub- 
lished by the inventor, J. t Lin;:in SPIE Pro. vol 1644 

5 Ophthalmic Technologies H (1991), p.p. 266-275. 

One of the essential feature of the present invention for 
the photorefractive keratectomy process is to use a scanning 
device in a laser system which has high repetition rates, 50 

m ^-bvt--Tequkz$ lcss energy, ranging between 

10 0.05-1 OmJ per pulse, or about 10 to 100 times less than that 
of the; prior arLThis.new concept enables One to n^Vr the 
refractive lasers at a lower cost, smaller size and with less 
weight (l?y a factor of 5-10) than thai of prior art lasers. 
Furthermore, these compact lasers of the present invention 

* 5 are portable and suitable for mobile clinical uses..Tb achieve 
beam uiuTormity and * fast refractive surgery (30 to 60 
seconds)* a rnathematical model of the beam overlap and 
ablation, speed is. also disdqsed.in the present mvehtion, 

20 - **** lasec ; therrnc^eratoplasry (tTK) process, theprior 
ait us& fiberrouplod cohtart-typk procedure which 
involves the following drawbacks: (i) slow processingspeed 
(typically a few minutes "to: rjcrforrii eight-spot coagulation) 
which causes the non-uniform collagen shrinkage rone- (ii) 
circular coagulation zone.which limits the procedure pnly 
for. spherical type correction such as hyperopia; and Gii) the 
contact fiber-tip must .be replaced in each, procedure. 

In the present invention; a computer-controlled scanning 
device is able to perform the laser mermokeratoplasty pro- 

30 cedure under a non-contact mode and conduct the procedure 
many times faster than that of the prior contact-procedure 
and without cost for a fiber-tip replacement. Furthermore the 
coagulation .patterns, can be computer predetermined for 
specific appfications : in both spherical 'and astigmatic, cor- 

3j rections. The flexible scanning patterns will also offer uni- 
;. form and predictable collagen shrinkage. 
F6rophuialrnicar#li^ 
present Invention to include but not limited to photorefrac- 
tive keratectomy, laser thermokeratoplasty, epflceratoplasty, 

40 iritrastroma photokcratcctomy (IPK), phototherapeutic kera- 
tectomy (PTK), and laser-assisted keratomileusis (LAK). 

SUMMARY OF TUB INVENTION 

45 The preferred embodiments of .the basic ophthalmic sur- 
gery nicthod uses a laser system for the ophthalmic surgery 
process, faduding: (1) a diba^pumped solid-state lasers of 
Nd:YAG or Nd: YU? which is frequency-converted by non- 
linear crystals of KTP (potassium titanyl phosphate)* LBO 

50 (lithium triborate), KNb03 (potassium nidbate) and BBO 
(beta barium borate) into thcfifm-harmc^ al wavdeiigth of 
213 nm or 2*10 nm with energy of 0.01 to 5.0 mj; (2) a 
compact, low-cost, lowrpower (energy of 1 to 10 mJ per 
pulse) argon : fluoride- exdmcr laser at 193 nm; (3) a fre- 

55 quency-converted Alexandre or U:SAF or diode, lasers at 
(193-220) nm; (4) a compact, low-cost, Q-switched EnYAG 
laser at 2.94 microns; (5) a rerunning Ho:YAO (at 2.1 
microns) or Englass (at 1.54 microns) or diode laser 
(1.9-25 microns); (6) ultrashort pulse IR laser (750-1100 

60 nm) and (7) mid-IR (2^3.2 rniqrons) laser generated from 
optical parametric, oscillation. 

According to one aspect of (he present invention, the 
above-described basic lasers includes UV-lasers (193-215 
nm) and IR-laser (1.5-3.2 microns) which are focused Into 

65 a spot sire of (0.05-2) mm in diameter, where laser energy 
per pulse of (O.01-10) mJ is sufficient to -achieve the 
photo-ablation threshold (PAT) energy density of 50 to 600 
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rrd/cm 2 depending upon the laser parameters (wavelengths 
and pulse duration) and tissue properties (absorption and 
scattering). The prior art excimer laser uses large beam spot 
ablation (4-6 mm) and require much higher laser energy 
(100-300 mJ) than the low-power lasers presented in this 5 
invention. In the present invention, a scanning, non-contact 
device is used to control the low-power laser for corneal 
diopter change, whereas diaphragms or masks are used in 
the high-power, high-cost excimer lasers, and contact, fiber- 
tip is used in the photo-coagulation procedure. 10 

In another aspect of the present invention, a mathematical 
model is presented according to the optimal beam overlap 
for beam uniformity and fast procedure and scanning pat* 
terns for refractive corrections of myopia, hyperopia and 
astigmatism. For high-repetition lasers (50 to 5,000 Hz as is 
proposed herein), refractive procedures may be completed in 
20 to 60 seconds (depending on the diopter corrections) in 
the present invention, where scanning speed is' only limited 
by the laser repetition rates. 

A three-dimensional translation device (in X, Y and Z) is 20 
integrated into the above laser systems, where the laser 
heads are compact and light-weight and can be steered to the 
corneal center by the translation stages. The prior art high- 
powered excimer laser systems are stationary and require a 
motorized chair for corneal concentration. Beam steering 25 
and scanning Is very difficult for these high-power, heavy- 
weight excimer lasers* 

In yet another aspect of the present invention, a free- 
r unnin g Ho:YAG ( at 2.1 microns) or Englass (at 1.54 
microns) or diode (1.9-3.2 microns) laser delivers a beam by 30 
a fiber waveguide and coupled to a scanning device for 
non-contact procedure for laser thermokcratoplasty (LTK), 
where optimal scanning patterns for corneal coagulation are 
performed for both spherical and astigmatic corrections. 

In yet another aspect of the present invention, the above- 35 
described laser system provides an effective, low-cost tool 
for procedures of synthetic cpucsratoplasty (SEK), where the 
artificial lens Is sculpted with the laser to optimize lens 
curvature without causing problems of corneal haze and 
corrective regression. Real corneal tissues may also be 
sculpted and implanted by the above-described laser sys- 
tems, a procedure known as laser myopic keratomileusis 
(MKM). Furthermore the UV and IR lasers disclosed in the 
present invention p rovide an effective tool for pnotothera- 
peutic keratectomy (PTK) which is cuneatiy, conducted by 
high-power excimer lasers and the procedure conducted by 
diamond-knife called radial keratotorny (RK). This •proce- 
dure conducted by UV or IR lasers is called laser radial 
keratotorny (LRK). The fundamental beam at 1064 or 1053 
nm wavelength of the present invention may also be used for 
the intrastroma photorefractive keratectomy (IPK), where . 
Che laser beam is focused into the intrastroma area of the 
corneal and collagen tissue are disrupted. 

The ophthalmic applications of the laser systems ss 
described in the present invention should include photore- 
fractive keratectomy, phototherapeutic keratectomy, laser 
thermokeratoplasty, intrastroma photokeratectomy, syn- 
thetic epuceratoplasty, and laser radial keratotorny. 

BRIEF DESCRIPTION OF THE DRAWINGS 60 

FIO. 1 is a block diagram of computer-controlled laser 
system consisting of a laser, scanning device, power supply 
and the beam steering stage for ophthalmic applications; 

H0.2bablockc3agramforthegerjcratioaof^ 65 
wavelengths at 213 nm or 210 nm using nonlinear crystals 
in a dlode-pmxmed system; 
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FIG. 3 is a block diagram of a computer-controlled 
refractive laser system of Ho: YAG or Englass or diode laser 
in a non-contact scanning mode for laser thermokerato- 
plasty; 

5 FIGS. 4A through 4E shows computer-controlled scan- 
ning patterns for photo-coagulation in non-contact LTK 
procedures for both spherical and astigmatic corneal reshap- 
ing; 

FIGS. 5A and SB are procedures for laser-assisted myopic 
w keratomileusis and hyperopic keratomileusis, where the 
reshaping can be performed either on the inner or outer part 
of the tissue; 

FIGS. 6A through 6D show computer-controlled beam 
overlap and scanning patterns for myopic, hyperopic and 
astigmatic correction using UV (193-240 nm) or IR (0.7-3.2 
microns) lasers; 

FIGS. 7A and B laser radial keratectomy patterns (LRK) 
using laser excisions for myopia (radial-cut) and astigma- 
20 tism CT-cut); 

FIGS. 8A through 8D show ablation patterns for refrac- 
tive correction using predeteraiined coatings on UV or IR 
grade windows; 

FIGS. 9A through 9B show the spatial overlap for uniform 
25 pattern; 

FIGS. 10A through 10B show the beam orientation for 
smooth ablation; and 

FIG. U shows the oriented expanding scanning to achieve 
the required ablation profiles, where the diameters are gov- 
erned by a mathematical formula. .. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

The theoretical background of the present invention with 
regards to the beam overlap and ablation .rate in photore- 
fractive keratectomy, intrastroma photokeratectomy, syn- 
thetic epikeratoplasty, phototiierapeutic keratectomy and 
myopic keratomileusis procedures described in the present 
*" invention is as follows. 

40 

Given a laser energy per pulse of m (in mJ), an intensity 
of I On mJ/cm 2 ) may be achieved by focusing the beam into 
an area of A, where I=E/A. For corneal tissue ablation to 
occur requires the laser intensity CO to be above the pho- 

4S toablation threshold (PAT), (60-120) mJ/cm 2 for UV-Iaser 
(193-215 nm) and (200-600) mi/cm* for IR-Iaser GL5-3.2 
microns). Therefore it is always possible to tightly focus a 
laser beam and achieve the PAT value even for a low-energy 
laser (0.1-5) raJ. The drawback of using a low-energy, 

5Q tmall-spot laser for large area ablation is that the operation 
time will be longer than that of a large-spot but high-power 
laser. However, time of operation may be shortened by using 
a high-repetition-rate laser (higher than 50 Hz). Small-spot, 
low-energy lasers for large area surface ablation would 

55 becomes practical only when a scanning device is used in a 
high-repetition-rate laser and only when uniform beam 
profile can be assured by the appropriate beam overlap. 
These two important issues are addressed in the present 
invention. 

60 The overall operation rate (R) for a given diopter correc- 
tion (D) is limited by the laser scanning rate (EU) which is 
in turn limited by the laser repetition rate. In addition, R is 
also proportional to the tissue ablation rate (RI) which is 
proportion to the laser Intensity I (or energy density) at a 

65 given energy E. 

The diopter change (D) in the case of myopia is related to 
the correction zone diameter (W) and the center ablation 
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thickness (hO) and the ablation profile h(x) (at corneal 
position x) by; 

AO— 0.331SDR* (2) 5 

t In a scanning system as disclosed inthe present invention, , 
the nunfcer of ablation layers (Ml) (without beam overlap) 
required for D-diopter correction is. therefore related to the 
ablation thickness per pulse (Tl), D t and W by 
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Tb include the overlap factor (F) r F=2 for a 50% beam 
overlap scan and F=S for 80% overlap^ the required effective 
numbcr of overlapped ablation layers is MI/R 15 
„ Fbr a given abjation zpne of W and}a$erfocused spot area 
ofA, one requires an effective single-layer scanning time 
<TS)ofFW*/A.\ ... fi 

The total operation tinJeCD needed far hO center ablation 
or l^opter- correction becomes . . 20 

frWVFKmD&SB (4) 

Equation 4 . gives vs the : scaling^aw. for: operation time! 25 
required (T), the laser energy (E), dioptef cfcange (D) and the 
ablation- sane diameter (W). For a gLvea laser *nergy per ! 
pulse-of^, jhe.Qverall operation rateXl/IlftLMlcpcridentto 
the laser imendty:(I).and beam.spot size (A)/By increasing 
the laser averagepower (P), defined by laser energy/pulse X * 
repetition-rate, more, total energy may be delivered to the . 
coraeaperunit time.;The ayerage-power (F) is thekey fector 
which actually determine the overall operation rate, (or time) 
required to.achieve the diopter change. By realizing, that the 
«cantn^:rate(I/TS).'is proportfonaL-and synchronized to the 35 
laser-repetition rate (RP), we are able to rc-cxpress Equation 
(4) as. - ? - - ™ 

It is important Jto note.that given anayeragerpowcrof P, *° 
the-lascr intensity most be above the photo-ablation- thresh- \ 
oldCPAT) ty dthec beam , focusing or Jnctcasc the laser 
energy; - 

Based upon tbe.atove-desafl^j^ important 45 
features are:; (J) CW. laser* (cfchef.UV or IR) with low 
intensity, normally can not cause photo-ablation since the 
energy density is lower than the PADvaluc; (3) Lasers (UV 
qr.IR) at Q-switched or modeSocked mode and with pulse- 
dotation shorter than lOana^waecond winiwrmaUy achieve so 
^intensity above the PAT even at tow-energy level of 
0.05-5 mJ. In particular; picosecond lasers at high repetition 
rate is desirable where energy in the microjoule range would 
be sufficient. . Moreover; the Q-switched -short poke lasers 
have .smaller thermal damage than, that of fiee-ninning ss 
lasers. Tbe cost-effective refractive lasers are those which 
have high repetition rate (SO Hz and up) hut operated at 
low-energy (0.65-5 ml) and short pulse duration (O.Q0 1 -20 
aanosegonds). The: .preferred embodiments disclosed in the 
present invention as discussed Jn Ha 1 are based upon this 60 
theory. Beam focusing and scanning arc al ways required to - 
achieve the PATand smboth ablation profile. The individual 
beam profile in the scanning system is sot as critical as lhat 
fa Prior tn lasers, which require a uniform overall profile 
within the large ablation tooc of (4^. smn. In laboratory 65 
teiu^ weteve>ac$evcdara 

aonc diameter. m> to 8 mm starting from a noo-uniCorn 
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focused beam profile which was randomly scanned over the 
ablation rone of. (1^8) mm. Using overlap of (50r80)% of 
focused beam spot of (02-1 S) mm, and a typical number of 
pulses delivered to the corneal surface of 2,000-4,000, 
5 which assures a sufficient beam overlap for smooth profile 
and pulse to pulse energy fluctuation is not critical. 

Referring- to FIG. 1, a refractive laser system, in accor- 
dance with the present invention comprises a basic laser 10 
having UV: (193-220 nm). or IR. (0.7-3.2; microns) wave- 
io length 11 coupled by a scannmg device 12 havmg me beam 
from focusing optics, 14 directed onto a reflecting mirror 15 
into target 16 which target may be the cornea of an eye. Aij 
arming system 17 has. -a visible wavelength (from a laser 
diode or He-~-Ne laser) 18 adjusted to be collinear with the 
15 ablation beam U and defines the eentration of the beamonto 
the cornea surface, at normal inddent The. basic laser head 
20 is steered by a motorized stage for X- and Y horizontal 
directions 21 and the vertical (height) direction 22 which 
. assures the focusing beam spot size and the ccntralion of the 
20 beam onto the.cornea.Thc system has.a computer controlled 
panel 23 and '.wheels: 24 for portable uses. -The target 16 
includes a human cornea for applications of photorefractive 
keratectomy, phototoerapcutie keratectomy and laser radial 
keratotomy (using the .UV 193- 210; .213 nm or IR Z9 
25 microns beam focused; on the ; corneal surface area), and 
intrastroma photokeratectomy (using the 1064 or 1053 or 
1047 nm beam, or their second-harmonic, focused into the 
mtrastrpma area), and synthetic or real corneal .tissues for 
applications: of synthetic . epikeratoplasty and myopic 
3ta keratomileusis. The* computer controlling panel 23 also 
.. provides the synchronization between the scanning gavo 
(galvanometer seamier) and the laser repetition rate. A 
commercially available galvahometerscannei; made by Gen? ; , 
eral Scanning, Ind is used in -scanning the laser beam. , . 
35 The laser systems described herein have been demon* 
strated using photorefractive keratectomy procedure' with a 
diopter ajrrections.up to -6 in.PMMA plasty and ^12 in 
corneal tissues. In the case of PMMA, we have also /mea- 
sured the diopters by a leosmeter with' well-defined readings 
<o in the ranges of -1 to -12 diopters. Ibis data provides' the 
: evidence of . predictable diopter corrections using, the laser, 
systems of the present invention; Furthermore, minimal 
tissue thermal damageof 03^-1.0 microns were measured by. 
TEM (trartsnrission electron microscopy). In measurements, 
« a- mnlti-zone (MZ) .approach* for higtdiopter corrections 
(8-12) was used; where, the/center zone is 3 mm and the 
correction power decreases when the zone increases from 4 
mm to 6 mm. This multi-zone approach reduces the overall 
. . ablation thickness and hence reduces the ha rr effect 
» Stfll referring to Ha l;.the basic laser 10, according to 
the present mvention,.includes a c»nipact^optically-pumped 
(either flash-femp or laser-diode pumped) lasers of NdiYAG, 
NchYLF or the self-frequency-dqubiing crystal of NYAB 
(neodymium yttrium aluminum) with pulse duration of 
55 0.05-20 nanoseconds and repetition rate of M0,000"Hz. It 
is known mat tmYbastc laser 10 is available using a standard 
Q-twitch or mode-lock, where the W wavelength at 
209-213 nm may be achieved by the frequency conversion 
techniques using nonHnearcrystals disclosed by the inventor 
60 in US. PaL No. 5,144 t 630.TheUV laser energy required for 
- efficient ablation ranges from 0.O1 xnJ to 5 mL The basic 
laser also includes a compict, argon fluoride excimer laser 
(at 193 nm) with repetition rate of CM ,000) Hz, energy per 
pulse of (05-40) ml, pulse duration of (1-50) nanoseconds 
65 and •.compact, EnYAQ laser (at 2SfA microns) with repeti- 
tion rate of (i-200>]ttz, energy per piilse of (5Q-500) nil, 
• pul«e duration of (50-400) xuau>sectmds and frequency- 
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converted IR lasers of diode laser, optically-pumped Alex- 
andrite or LuSAF lasers, where efficient nonlinear crystals 
(as shown in FIG. 2) may be used to convert the fundamental 
wavelength (770-880 run) into its fourth-harmonic at the 
UV tunable wavelength of (193-220 nm) with energy of 5 
(0.01-5.0) mJ, repetition rate of (1-10,000) and pulse dura- 
tion of (0.05-50) nanoseconds. Only two nonlinear crystals 
are needed in this case and overall efficiency is higher than 
that of the fifth harmonic generation which requires three 
nonlinear crystals. Tnc basic laser may also include 10 
ultrashort pulsed lasers, such as a commercialized mode- 
locked TL*sapphire laser or other solid-state laser, with 
wavelength ranges of (750-1100 nm), repetition rates of 
(0.01-100 MHz), energy per pulse of (&01-100) micro- 
joules, and pulse durations of (0.05-10) picoseconds where is 
focused beam spot size of (0.05-0.5) mm is required to 
achieve the ablation threshold. When using an ultrashort 
pulse laser with very high peak power density (gigawatts 
range), the tissue ablation should be insensitive to laser 
wavelengths since the tissue ablation is assisted by the 20 
plasma-enhanced absorption with minimal tissue thermal 
damage. A focused spot size of (0.05-0.5) mm of the 
ultrashort pulsed lasers would be appropriate to achieve the 
tissue ablation and precise ablation profile is available by the 
scanning device proposed by the present invention. Without 25 
a scanning device, an ultrashort pulsed laser cannot be used 
in refractive surgery due to its energy level of less than 0.1 
mJ and spot sire smaller than 0.5 mm. The above-described 
lasers may also be frequency-converted into UV ranges of 
(190-220) nm suitable for photoablation. 30 

The basic laser also includes a mid-IR (Z5-3.2 microns) 
laser, generated from optical parametric oscillation (OPO) 
using a near-IR laser (such as N±YAG or NcfcYLF, flash- 
lamp or diode-pumped) as the pumping sources and KTP or 
BBO as the frequency conversion crystals. The OPO laser 35 
has advantages over the Q-s witched EnYAG laser; including 
higher repetition rate (10-5,000 Hz) and shorter pulse width 
(1-40 ils.). These advantages provide faster surgical proce- 
dure and reduced thermal damage on the ablated corneal 
tissue. Typical energy per pulse of the OPO laser is (0.1—10) 40 
mJ. Greater detail on OPO was published by the inventor in 
Optical Oommunications, vol. 75, p. 315 (1990). 

Soil referring to HQ. 1, the scanning device 12 is syn- 
chronized with the laser repetition rate, where the computer 
software Is capable of providing predetermined patterns 45 
according to a patient's corneal topography for the correc- 
tions of myopia, hyperopia and astigmatism. Astigmatic 
correction, in particular, is difficult to perform in prior art 
systems using a oca-scanning diaphragm but can be easily 
achieved by the present invention using a scanning device, so 
Furmcrmore, a multi-zone i>rocedure for high diopter (6-1 5) 
changes can be performed by the computer program rather 
than that of the conventional mechanical iris. 

The low-power laser systems described in the present 
invention can perform the procedures normally required in 55 
high-power lasers because a device is used to 

assure the uniform corneal ablation by beam overlap and the 
ablation threshold is achievable by small spot size. 

Referring to HO. 2, a preferred embodiment for the basic 
laser 10 of FIO. 1 having a UV wavelength includes a 60 
diode-pumped Nd:YAG (or Nd;YLF) 25 having a funda- 
mental wavelength of 1064 nm (or 1047 and 1053 nm) 26 
and ia focused by a km 27 into a doubling crystal 28 (KIP, 
KNb03, LBO or BBO) to generate a green wavelength 30 
•1 532 nm (or 524 and 527 11m). The green b cs 
converted by a fourth harmonic crystal 31 (BBO) to generate 
a UV wavelength 32 at 266 nm (or 262-263 nm) which is 
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finally converted by a fifth harmonic crystal 33 to generate 
the UV wavelength 11 at 213 nm (or 209-211 nm). Prom a 
commercially available diode-pumped Nd:YLF laser I am 
able to achieve the UV (at 209-21 1 nm) energy of 0.01-2 mJ 

5 per pulse with average-power of 0.1 to 0.5 W. This energy 
level when focused into a spot size of (0. 1-0.5) mm is 
sufficient to ablate the corneal tissue. This diode-pumped 
fifth-harmonic system provides the most compact refractive 
UV solid-state laser available today with the advantages of 

io long lifetime, low maintenance, portability and absence of 
toxic gas in comparison with the excimer lasers currently 
used by other companies. Furthermore by using the funda- 
mental wavelength at 1064 nm (or 1053 or.1047 nm) or their 
second-harmonic (at 532, 524, or 527 nm), intrastroma 

15 photokeratectomy procedure may be performed by focusing 
the beam into the intrastroma area of the cornea. The laser 
presented in the present invention provide a compact, por- 
table and low-cost IPK laser and has an advantage over the 
lasers used by other companies where the systems are 

20 currently more than five times heavier and are more costly. 
In FIG, 3, a commercially available Ho: YAG (or Er.glass) 
or diode laser 35 (either flash-lamp or laser-diode pumped) 
is coupled by a fiber optic waveguide 36 with core diameter 
of (100-600) microns to a scanning device 37, in which the 

25 fundamental beam 38 with a wavelength of 2.1 (or 134) or 
; (1.9-25) microns which is collimated by a lens 40 and 
coupled to the scanning gavo 41 and focused by another lens 
42 onto the beam splitters 43 and 44, and finally delivered 
to a target (such as a patient's cornea) 45. The IR (2.1 

30 microns) laser beam 38 is collinear with the aiming beam 46 
(visible He — Ne or diode laser) and the patent corneal center 
is also defined by a commercial slit-lamp microscope station 
47. The above-described apparatus offers the unique feature 
of non-contact laser thennokeratoplasty for precise coagu- 

35 iation in both spherical and astigmatic corneal power cor- 
rections with scanning patterns predetermined by a com- 
puter software hereinafter discussed. .The focusing lens 28 
may be motorized for varying the focal point and thus 
varying the coagulation cone size for optimal results. In the 

40 prior art of fiber-tip contact system, the precision of the 
coagulation rone and patterns are limited by doctors manual 
operation which is a much slower procedure than the com- 
puter controlled scanning device described in the present 
invention. The requirement of replacing the fiber-dp after 

45 each operation is also a drawback of the prior art systems. 
The advantages of the present system includes: precision 
coagulation rone and spot size, flexible patterns for a variety 
of corrections, fast processing time and elimination of the 
need for fiber-tip replacement 

50 Soil referring to FIG. 3, the basic laser 22 in accordance 
with the preferred embodiment of the present invention is a 
free-running or continuous-wave (CW) flash-lamp or diode- 
laser pumped Ho: YAG (at 2.1 microns) or Englass (at 1.54 
microns), or IR diode laser (1.9-25 microns) with average 

55 power of 03-5 W, pulse duration of 200-2,000 micro- 
seconds (if fiee-nmning). In the present invention, the IR 
wavelengths of 154 and Zl and (1.9-25) microns are 
chosen due to their strong tissue absorption which is 
required in the photo-coagulation processes. Similar lasing 

60 media of Ho:Tm:YAG and HorTrmCnYAG is also included 
in the preferred embodiments of the present invention. The 
CW diode laser (1 .9-25 microns) may be scanned in a faster 
rate than that of the tree-running lasers. 
FIGS. 4 A through 4B summarize the possible coagulation 

65 patterns suitable for both spherical and astigmatic corneal 
reshaping in the LTK procedures in a cornea 50. FIG. 4-A 
with coagulation zone (CZ) of 5 to 9 mm and spot number 
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(SN) of (8r-l q") provides hyperopic corrections of 1-6 diopt- 
ers; FIG. 4-B has acoagulationzone of 1-3 ram suitable for 
myopic corrections; FIG. 4-C has radial coagulation zone 
and spot number of 16-32, suitable for spherical hyperopic 
correction; FIG. 4-D has a coagulation . zone of 1-9 mm and 5 
spot number of 50-200, suitable for precise coagulation 
control to stabilize and reinforce the collagen shrinkage 
tension; FtG. 4-B- is designed for .astigmatic change, where 
the coagulation patterns are chosett according to the corneal 
topography; By using the computer-controlled scanning, to 
these patterns may be easily generated: and predetermined 
according to the measured corneal topography ' of each 
patients. A combination of these patterns illustrated in FIGSJ 
4-A to -4-B enables the, treatment of patent's optical power ; 
correction m aU : ^ hyperopia^ astigmatism 15 

and their mixed vision disorder. Furthermore, ' laser param- 
cters such as energy per pulse*, spot size and scanning 
patterns also provide another degree of freedom for the laser . 
therraoker&oplastf process i which; are notusuaUy available 
in the prior art systems using the contact'fiber-tip. 20 
. the appr^priate.pararnejers relating ta.FIG. 4A-B are: 
laser energy per pulse of $r5Q ml. for free-riinmng mode 
(200U0Q iirfcro-second duration), beam spot tizepf (04-i) 
mm, laser repetition rate of 5-30 Hz, coagulation zone of 
0-16) mm,: f po t x^obcr 0 f 8^200 spots and fiber core 15 
diajrieter pf IQO-^^imcrq&Si f^a .flastlampinm^ed. 
systcmL Also;diSclosjbd. is ihe v use: of ardic^i^unied:/ 
Ho: YAG, either in a pulse-mode or continuous-wave (CW) - 
mode. For a CW mode laser, ener^ of 10-100 mW is 
sufficient for coagulation whenspot size of 0;Q5*-CL5 : mm is 30 
employed. In the dode^puraped systeniin CW mode or with 
& rugh-repedtion-rate 20-100 Hz, a fast scanning enables 
completion of the coagulation procedures within 2-20= sec- 
onds depending upon the>coaguhition zone and spot nunjber 
required. Fast scanning also- provides a uniform collagen 35 
shrinkage unlike that of the prior.art system using a manu- 
ally operated fiber-tip which normally takes 1 to 5 minutes 
to complete' in a multiple coagulation zone, and high spot, 
number: It Is 4&icalt to use smanuatiy operated fiber-4ip to 
generate: the precise patterns as fllusirated in FIG. 4 which <o 
can be easily performed iathe comraiter-controlled scanning 
device as. disclosed in the present invention. The patient's 
.eye motion and .deceniration la- a problem for prior art .', 
systems* but it is not a critical fector to . the Cast scanning ' .. 
device described herein. - ^ 
• I&crrir£.taHO<5,*la^ 

sis (MKM) and hyperopic herato^euafs; (HKM) can oe 
performed either onthcouter corneal surface 51 or on the 
inner: surface 52 to reshape the resealed corneal tissue 
without materially effecting the Rbwman*s layer, The pre- 50 
ferred lasers are described in HQ. 1 induding the UV 
(193-220 nra) and.IR (2^3.2 microns), lasers. The non- 
invasive laser-assisted procedure disclosed in the present 
invention has the advantages over the procedures of photo- 
refractive keratectoniy and laser thermokeratoplasty lnclud- ss 
ing being safer, more stable.with a, higher diopter change, 
and without materially affecting epithelium, and Bowman 1 s 
layer. In comparison with the conventional . keratomileusis, 
the laser-assisted myopic keratomileusis and hyperopic 
.keratomileusis do not require corneal freezing and can 60 
perform very high diopter change not. available by radial 
toatotomy or photoreiractive* .keratectomy. Laser-assisted 
corneal preshaping can also be employed for * do nor cornea ' 
in the procedure currently performed by epifceratophakia. 
Details of conventional' lamellar refractive surgery may be 65 
found in Lea D. Bores, Refractive E$c Surgery (BlackwcU 
Sdexitiu^Pub^l993X Chapter 10. 
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FIGS. 6 A through 6D shows a nearly flat-top beam profile 
achieved by overlapping a series of laser beams, where the 
degree of overiapi 509&-809&, depends on the individual 
beam profiles which are not required to; be flat-top. In the 
5 present invention, the preferred individual beam profile is 
either a 70% Gaijissian or a sy^rutietric profile. In the 
laboratory, I have , demonstrated a smooth laser-ablated 
PMMA surface with rone diameter of 3-6 mm by overlap- 
ping a large number of pulses, 500 to 5,000, each one having 
10 a spot , size of 0.8-1.2 mm, Moreover smooth transition 
among the ablation zones were achieved without the tran- 
sition zone steps found in prior art systems using mechanical 
diaphragms. In addition to the myopic and hyperopic scan- 
ning patterns of 6B and 6C, one of the significant features of 
is toe presentscaiming^d^ prcdeiter-i 
mined patterns based- upon, the corneal topography for 
astigmatism correctipn (sec,€D). Corneal scar may. also be. 
casUylocated by a topography and photoablated by a laser 
based on the computer-controlled scanning patterns. The^ 
20 preferred lasers for the procedures described in FIG; 6 arc 
discussed in connection with FIG. L 

Still referring to FIG; 6, the scarming. schemes were tested 
by ablation on. PMMA plasty! The computer software is 
based upon ■ the ! niamanafi^mc^ described earlier in 
25 equations I and..2 where the: center; dilation thickness was 
equally spaced tQ .define, the . associate, scanning, diameters. 
Gfvcn thdanlation tMckhess per pulse arldper ablation layer 
(at a given scanning diameter), one may easily obtain the 
overall corneal surface ablation profile, (see equation (1)). 
30 The. number of required aWatfon Jayers is therefore propor- 
tional to tic diopter change (D) find square of the ablation 
zone (W). The computer parameters designed in the present 
invention include: diopter change (D), optical zone diameter 
(W),.and the degreeVof overlap in; both tangential <TD) and. 
35 radial XRD) direction of the scan .patterns as shown InFIGS.. 
6 A- through 6D. Smooth PMMA surface . ablation was 
achieved by optimization of laser spot size, energy and the. 
. overlap parameters of TD and RD. ExpcrmWtal data }ndU 
cates mat larger overlap provides smoother surface ablation; 
40 however, longer ablation time is required for a given diopter 
change, laser energy and/repetition rate. (RR). Larger RR, 
50-100 Hz, ptovid^shorter ablation timevhich is typically 
, in the range pf G2Q-40) seconds for diopter changes of 2^3 
'-. ia myopic trealmcnt^bascd upon my measurements^ The 
45 . .-prior art high^wefcexcime*. laser* with a typical, RR of 
5-15 Hz will be impossible to achieve the results described 
above even if they use. the present scanning tievica . 

StiU tefertitig to FIGS. 6, usm&the UV lasers (193, 210 
and 213 nm) I have achieved ablation depths of (20-40) 
50 joaicrons by overlapping (2000-4000) laser pulscv which 
give anabiation depth. of 0.05-0.1 microns per puke. The 
ablation, depths are measured by la microsensor (made by 
Tencor Instruments) which has a resolution of about 0.5 
microns or better; Ablation curves, ablation depth versus 
55 laser intensity, were obtained by varying the laser energy or 
the spot size. Given the ablation rate (ablation thickness per 
pulse), I am able to calibrate the number of pulses and the 
degree of beam overlap required to achieve the diopter 
change on the PMMA* where the diopters of the ablated 
60 PMMA are measured by the standard knsmeten In vitro 
measurement of corneal tissue ablation can be calibrated 
according to the comparison of the ablation rate between 
PMMA and tissue. For myopic and hyperopic corrections, I 
have used circular scanning patterns with beam overlap 
65 controlled by the tangential scanning speed and diameters of 
the adjoined circles. The preferred *^nmg scheme is from 
small circle to large circle. For example, given a laser spot 
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size of 1 mm, a radial overlap of 50% will require the 
scanning circle to start from 1 mm diameter to 5 mm 
diameters with an increment of 0J5 mm for an optical zone 
of 5 mm. Furthermore, a tangential overlap of 50% requires 
me scanner to move at an angular speed of about 23 degrees 5 
within the interval between each laser pulse. In my com- 
puter-controlled scanning device, software was developed to 
synchronize the laser repetition rate with the scanning gavo 
to control the above-described overlap patterns. In addition 
to the circular patterns described for myopic and hyperopic 10 
treatments, a linear scanning pattern may also be used in 
particular for the myoptic and astigmatic corrections. 

It is important to note that a uniform individual beam 
profile and energy stability of the laser, under the present 
scanning device, are not critical in achieving an overall 15 
uniform ablation zone whereas they are very critical for 
prior art systems using expanding iris devices. Given the 
ablation rate per overlapped circle, the overall diopter cor- 
rection may be achieved by the appropriate increment in 
diameters of the expanding circles. Greater details of beam 20 
scanning and overlapping win be further discussed in con- 
nection with FIGS. 9-1L 

Referring to FIGS. 7A and 7B, a laser radial keratectomy 
(LRK) performed by laser excision has advantages over the 
conventional diamond-knife radial keratotomy (RK) includ- 25 
ing higher predictability and reproducibility by precise con- 
trol of the excision (or ablation) depth. Fu^ennore, using 
the scanning device of the present invention, laser radial 
keratotomy may be performed easily and rapidly with less 
dependence upon the surgeon's skill and experience. Cor- 30 
neal reshaping may be performed by controlling the laser 
parameters such as spot size, intensity, scanning speed, beam 
overlap, and the excision depth per pulse which typically 
ranges from 0.2 to 0.5 microns. The excision depth precision 
of a laser is at least 10 times better than that of a knife. This 35 
"laser-knife** should be able to perform all the radial kera- 
totomy procedures performed by a "diamond-knlfe M by 
using similar techniques to those introduced in the Book of 
Leo D. Bores, Refractive Eye Surgery, Chapters 8 and 9. 
Examples of laser radial keratotomy are shown in 7A for 40 
myopia (radial-cut) and 7B for astigmatism CT-cut). The 
preferred lasers for laser radial keratotomy mclude the lasers 
described in FIG. L 

Referring to FIGS. 8A and 8D, the ablation patterns 
suitable for refractive procedures may be generated by using 45 
coated windows such as UV (or IR) grade fused tfricrf, MgF, 
BaF or sapphire (when an IR laser is used), with preferred 
thickness of (0.5-2) mm and diameter of (8-15) mm. 
Referring to FIG. 8 A, scanning laser beams 53 (at wave- 
length of UV or IR) with circular scanning pattern to deliver so 
uniform (or constant) laser energy over the coated window 
44 with coating specification (at UV or IR wavelength) 
according to the profile on the corneal tissue 55 (or PMMA 
surface) wfll also achieve the same pattern described by 
equation (1). HQS. 8B and 8C show the reflection profiles 55 
of the coated windows for myopia, hyperopia and astigma- 
tism, respectively, based on predetermined diopter changes. 
These coated windows disclosed jn the present invention can 
be reused for cost effectiveness and has an advantage over 
the prior art system using the disposable mask which is 60 
costly and is difficult to provide reproducible results due to 
the non-uniform transmission or ablation properties of the 
mask. 

Greater detail of the features of the present invention 
regarding beam overlap, scanning and orientation in order to 65 
achieve uniform ablation profiles to meet the clinical 
requirements of corneal reshaping are demonstrated as fol* 
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lows. The actually measured PMMA profiles were generated 
from the Microsensor (made by TENCOR INSTRU- 
MENTS, INC.) using our ArF laser (the Corapak-200 Mini- 
Excimer system, made by LaserSight, Inc.) having laser 
5 parameters of: (2-4 mJ) energy at the output window, 
operated at (50-200) Hz, with the beam focused onto the 
corneal surface at a spot size of about (0.2- 1.2) mm, with 
energy per pulse of (0.5-1.5) mJ, tunable by a coated MgF 
window. 

to Referring to FIG. 9A t we show the schematic of the 
motion of the scanning beam with a spot size of 1 mm in this 
example. Beam overlap runction(L) is defined by the beam 
displacement parameters of dx and dy (in x and y direction, 
respectively, on the corneal plane) adjustable by the corn- 
is puter controlled software, where Lx=l-dx/R and Ly=l~dy/ 
R, where R is the beam diameter. The degrees of smoothness 
(DS) of the ablated PMMA surface (a plastic sheet which has 
been commonly used for the calibration of UV laser ablation 
on corneal tissue) is governed by the degrees of overlap 
20 function L=Lx+Ly. Greater DS can be performed by using 
greater L, which, however, will also cause a slower proce- 
dure speed (v), at a given laser average-power(p) ( beam spot 
stze(R) and energy per pulse OB). Desired procedure time of 
20 to 50 seconds are typical for patient diopter corrections 
25 (myopic) of D=>-3 to -10, where patient centration is 
conducted by a visible fixation light for the patient to look 
at without eye movement. Including some of the compen- 
sation from the recovered epithelium filling on the ablated 
corneal surface, the roughness of the corneal tissue, cali- 
30 orated by the PMMA surface, should be within the range of 
(0.2-2) microns. Therefore, we are optimizing the param- 
eters of dx, dy, Up, E and R in order to achieve the 
above-described clinical requirements. 
Referring to FIG. 9B, a comparison is shown to deraon- 
35 strate the degrees of smoothness of the ablated PMMA at 
two sets of displacements: curve A (dx=dy=0.5 m) and curve 
B(dx=0.5 mm, dy=OJ mm). These PMMA profiles were 
generated from a Microsensor scanned along the y direction 
to show the difference in smoothness caused by the differ- 
40 ence m dy values (at a fixed dx value). It is clearly demon- 
strated by comparing Curves A and B that a smoother 
surface is generated with a smaller displacement (dy=0.3 
mm), or larger beam overlap Lx=709&. In mis particular 
example," the basic beam profile is worse than a 50% 
45 Gaussian and actually has a three-lop structure which is 
typical in an ArF excimer laser: Even under this poor beam 
uniformity condition, we are still able to obtain very uniform 
overall ablated areas^of (2-9) mm in diameter; as shown in 
FIG. 9B (curve B) with surface roughness less man 1 
so microns (vs. about 10 microns in curve A), when a set, of 
appropriate beam overlap parameters are used. Smaller dx 
and dy will further improve smoothness, which, however; 
may take a longer operation time. As shown in above 
example (using dx=0.5 mm and dy=03 mm), only 30 
55 seconds is needed far a D=>-4 diopter correction with enough 
smoothness of the PMMA surface, where I used a pulse 
energy of 0.9 mJ (on the PMMA surface), with the system 
operated at 100 Hz in this example. 
In addition to the overlap function, I have been able to 
60 further improve the beam uniformity by the beam orienta- 
tion method as follows. As shown in FIG. 1Q A, I used linear 
scan patterns for multi4ayer ablation on a PMMA sheet, 
where parameters of E=<X9 mJ, spot size of 1 mm, dx=dy= 
0.5 mm were used In one case, I repeated the linear scan 
<5 pattern along the x-direction, or rotation angle (A)=xcro, for 
about 25 times (layers)- lb see the iniprovement due to 
pattern orientation, I tried the second case by rotating the 
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linear-scan angle (A) by about 65 degrees in each successive 
scan layers. An angle A=65 degrees was chosen in this 
particalar example to randomize the basic beam structure 
(having a nonmniforht profile) and: to achieve the uniform 
overall ablation. This averaging procedure by beam orien- , 5 
tation will largely reduce the potential roughness caus ed by 
the basic beam stweture, noting that rotation angles, such as 
20, 30, W or 120. degrees (in which 360 degrees can be 
divided into integers), should be avoide&to prevent repeated 
patterns after a few rotation layers; A larger angle(A) is 10 
chosen for smaUer :^ ,. 
best results. This is. to make sure that enough beam random- 
ization is. peiforrned for various dioptercorrecfions which 
are proportional to the numbers of scanned layers. Com- 
parisons are showh.in FIG, 10B (Or A=0 (nonrotated case, 15 
curve A) and for A=65 (rotated, case, curve B), where 
dx=dy=OJ inrnwerc used in both cises. Siguificantsmooth. . . 
ness of ablated PMMA was achieved in the rotated case 
(curve fi) even when a large displacement of dy=OS mm 
was used, compared to curve B in FIG. lOBrandcuw A in 20 
HG. 9R TTie l^erd^la^cenjenw or smaller: overlap results 
in & faster- procedure, however, this results & a loss of 
smoothness if beam rotation is not used Using the above- 
described: techniques, I am able to generate fie. predeter- 
mined ablation profiles rorrespohding to- various refractive 25 
corrections such-as myopic,- hyperopic and astigmatic with 
clinically, acceptable tissue < smoothness and procedures ' 
tiroes requirernenu. 

Refeningto HQ; U, an example for myopic correction is 
shown. FIG. UA shows the schematic of rotated ablated 30 
areas with Increasing diameters (from about 05 to 6 mm) 
governed by. Equation Q). where atypical ^nurnber of layers 
(or scanned •areas* at various'diarnetfcrs) of 25 is needed for 
a -5 : diopter correction. For an op^cal zche"of 5 mm, this . 
represents an ablation- rate" of about 2 rnlerons in corneal 35 
tissue-Jo each layer; %here apulse energy of about 0.9 ml at 
spot size of Lmmand repetition raikof 100 Hz Is used. For 
smaller diopter corrections, * smaller, energy (0.6-O8 mJ), 
or smaller ablation rate (05-1.0 totems} is desired for 
smoother and more accurate result*. • Moreover, a smaller 40 
spot size of (OJ-05 mm) may be used for better control of 
the ablalion profile (with greater accuracy), but a faster laser 
repetition rate larger than 50aHz would b^requiredfor *'„ 
reasonable procedure speed of (20-50) seconds to cover (-3 . 
to. -4 0) • diopter corrections. • In this ''situation the diode 45 
pumped UYsoUdstate laser ileso^ earlier wfflbeAicK >' 
carl flftfat e than; the Hxcttner .laste .HQ: HErshowsr .the \ 
PMMA ablation profile measured from a Micro sensor using 
the techniques shown in FfQ. UA t where <u ablation zone 
size of about :£ mm *ith center depth of ariout lfrnricrons so 
were shown, f believe that the PMMA profiles shown in 
HQS. 9 through 11 represent, .for the-first tfcne, the novel 
t features, of the techniques- disclosed in-the present invent 
Some of the prior art has never demonstrated the actual " 
ablation data, alujongh a simple : .coiicept of beam scanning 53 
has been proposed:Thc comparisptuinFlGS.^aadll)haYe 
demomtrated that the prior techniques *s set forth in the 
background" tjereto would r^er achieve the smooth surface 
as shown here. In addition,' given the laser parameters, 
propoied in the present invention of low-energy (2-4 mJ> 60 
with nbmmiform b&sic beam profile and ' whhout using 
pwhiinfra j beanucHthaping, it is im^ssibleiorthepriorart 
to srideve clingy rr*auri^ 

of 10O-300 ml with a complex meanlof beam uniftanity is 
always required la the prior totttatents. 6 s 

The method -disclosed in the present invention combines 
beam scaorn^ overlapping tad pattern rota^ (random- 
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ization) provides a powerful yet simple technique for opti- 
mal results of laser refractive surgery which involves both 
clinical aspects -(ablation diopter, ablation optical zone, 
smoothness, patient centration and operation speed) and 
5 engineering , aspects (beam profile, uniformity, stability, 
energy, spot sizeand delivery systems). 

It is worth emphasizing that, the concept of achieving a 
smooth ablation surface: by using the randomly rotated 
scanning pattern as disclosed in the present invention would 
10 not be demonstrated if the mlcrbsensbr were riot used to 
measure tnePMMA profiles. I have preformed hundreds of 
PMMA profile analyses at various laser parameters together 
with the theoretical model presented in equations (1H5) are 
the key factors behind the present process. Furthermore, the 
, 5 .refractive correction profile, governed by equation (1) would 
.be very difficult to justify after thV scanning method is 
applied rto the target (PMMA and corneal . tissue) if the 
microscnsor is not available to the user. The PMMA data 
presented in the present invention have also been employed 
20 on corneas, where hundreds ofpatient's have becn.treatedby 
the Compak-200, . Mini.^xdmcr with, predictable power 
corrections and smooth tissue ablation. Clinical results are to 
be presented in optthalmology conferences. 
While the invention: has; been shown and- described with 
25 reference to the preferred embodiments thereof,, it will be 
understood by those skilled in the art that the foregoing and 
other changes and varMousin form aM 
therrlA without departing from the spirit, scope end teaching 
to the .invenaon. Accordingly; the method and apparatus, the 
30 ophthalmic applications herein disclosed are to be consid- 
ered merely as illustrative an<J:the invention is to be limited 
only as set forth in.uje claims.. 
I claim : ' ■'. 

'ir^Tmethod of performing .corneal refractive surgery by: 
reshaping a portion of .s^meal surface comprising the steps- 

selecting a laser navinV a pulsed output beam of prede- 
terniined ultraviolet fyavclcngtb and having an energy 
level less than 10 mJAjulsc; v 
40 selecting a scanning Aiechanism for scaiming 'paid 
-.' fleeted laser, output bfcarn, said scanning mechanism 
including a galvanometer scanning Tnnch atii sin for corir . 
trolling said laser- beam toto ^- overlapping pattern of 
: adjacent pulses; \ 
45 coupling said laser beam td a scanning device for scan- 
ning said laser beam oyeta proktermined surface; 
focusing, said scanning Jas 
to a predetermined geneMly fixed spot'Size; 
50 aligning the center of the said scanning laser beam onto 
the corneal iurfacc.with a Visible aiming beam; 
controlling the scanning mechanism to deliver the scan- 
ning laser beam in a predetermined Overlapping pattern 
onto ft plurality of position! on the corneal [surface s 
55. ptott>abIatoorphotocx>ag^ 
removing ficom OjOS to id 
pulse overlapped to remove tissue to a desired depth, 
wlwby jij>atieat , i viste 

of the corneal surface of the patient's eye using a low 
" -power lascc \ . 

.Z A method of performing corneal refractive surgery by 
reshaping* portion of tlw corneal surfaced 
claim 1 in which the step of . selecting a laser includes 
selecting a diode-pumped UY laser having an output wave- 
65 length between 193 and 220 nanometers, and energy per 
PuJ^iOOltoSi*/^ 

and 1G KHL'and a wise deration between 0.1 otaoseconds 


17 

to 50 nanoseconds and a focused spot size of (0.05-1 .5) mm 
on the corneal surface, 

3. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of selecting a laser includes 5 
selecting a flash lamp pumped UV laser having an output 
wavelength between 193 and 220 nanometers, and energy 
per pulse of 0.1 to 10 mJ/pulse, a repetition rate of between 

1 Hz and 10 KHz, and a pulse duration between 0.1 
picoseconds to 50 nanoseconds and a focused spot size of 10 
(0.05-1.5) mm on the corneal surface. 

4. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of selecting a laser includes 
selecting an argon fluoride excimcr laser having an output 15 
wavelength of 193 nanometers, energy per pulse of 0.5 to 10 
mJ/pulse and a focused generally fixed spot size of between 
0.2 to 2 mm on the corneal surface, and a repetition rate of 
between 1 to 1,000 Hz, and pulse duration of between 1 to 
50 nanoseconds, 20 

5. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of selecting a laser includes 
selecting a free-running Ho:YAG laser having an output 
wavelength of about 2.1 microns at an average power of 25 
between 0.5-5 watts and a focused generally fixed spot size 
of between 0.1-1 mm. 

6. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of selecting a laser includes 30 
selecting a free-running Englass laser having an output 
wavelength of about 1.54 microns at an average power of 
between 0.5-5 watts with a focused generally fixed spot size 
of between 0.1-1 mm. 

7. A method of performing corneal refractive surgery by 1 35 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of selecting a laser includes 
selecting a frec-rtmning Englass laser having an output 
wavelength of between 1.9 to 23 microns at a power of 
between 0^5 watts and a focused generally fixed spot size 40" 
of between 0,1-1 nun. 

8. A method of performing corneal refractive surgery by 
res h a ping a portion of the corneal surface fa accordance with 
claim 1 in which the step of selecting a laser includes 
selecting a Q-switched EnYAG laser having an output 45 
wavelength of Z94 microns, and a pulse duration of between 
50 to 400 nanoseconds, with an energy per pulse of between 
50- 500 mJ and a repetition rate of between 1 and 200 Hz 
with a focused generally fixed spot size of between 0.2-2 
mm. 5Q 

9. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface fa accordance with 
claim 1 In which the step of selecting a laser includes 
selecting an ultra-short pulsed laser having an output wave- 
length of between 750 to 1100 narwraeters* energy r^ 55 
of between 0.01 to 100 rrdcrojoules, and a repetition rate of 
between 0.01 to 100 MHz, and pulse duration of between 
0.05-10 picosecond s and a focused generally fixed spot size 
of between 0.05-0.5 mm. 

10. A method of performing corneal refractive surgery by 60 
leshapfag a portion of the corneal surface fa accordance with 
claim 1 fa which the step of selecting a laser includes 
selecting an OPO irid-IR laser having an output of 2^-3.2 
microns, a pulse duration of between 1-40 nanoseconds and 
energy per pulse of between 0.1 to 10 ml, and a repetition 65 
rate of between 10 and 5,000 Hz and a focused generally 
fixed spot size on the corneal surface oft 
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11. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of delivering said laser beam 
includes said focusing lens which is highly transparent to.the 

5 said laser beam, said focusing lens having a focal length of 
(50- WOO) mm for focusing the laser source onto a generally 
fixed spot size of 0.05-2 mm on a predetermined position on 
the corneal surface. 

12. A method of performing corneal refractive surgery by 
10 reshaping a portion of the corneal surface in accordance with 

claim 1 in which the step of controlling said scanning 
mechanism includes controlling said scanning to scan a 
pattern of radial aligned spots using a laser beam capable of 
photocoagulation corneal tissue. 

13. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of controlling said scanning 
mechanism includes controlling said scanning to scan a 
pattern of concentric generally fixed spots using a laser 
beam capable of photocoagulating corneal tissue, 

20 14. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of controlling said scanning device 
includes controlling said scanning to scan a pattern of 
generally fixed area ring spots using a laser beam capable of 

25 photocoagulating corneal tissues. 

15. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of controlling said scanning device 
includes controlling said scanning to scan a pattern of 

30 overlapping generally fixed ring spots using a laser beam 
capable of photoablating corneal tissue for myopic correc- 
tion. 

16. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 

35 claim 1 in which the step of controlling said scanning 
mechanism includes controlling said scanning to scan a 
pattern of overlapping, generally fixed area spots using a 
laser beam capable of photoablating the corneal tissue for 
hyperopic correction. 

<o ~ 17. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of controlling said scanning 
mechanism includes controlling said scanning to scan a 
pattern of overlapping circles of fixed area using a laser 

45 beam capable of photoablating the corneal tissue for astig- 
matic correction. . 

18. A method of performing corneal refractive surgery by 
teshaping a portion of the corneal surface to accordance with 
claim 1 in which the step of controlling said scanning 

so mechanism includes controlling said scanning to scan a 
pattern of radial aligned slits of fixed area using a laser beam 
capable of photoablating corneal tissue for laser radial 
ke r atectomy. 

1S>. A method of performing corneal refractive surgery by 
55 reshapin g a portion of the corneal surface in accordance with 
claim 18 wherein the step of scanning includes scanning a 
coated window having apredeterminedcoatingtod 
laser beam therethrough and to photoablate the corneal 
surface to meet a predetermined profile for refractive cor- 
60 rections. 

20. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 18 in which the step of scanning includes scanning 
through a coated window made of materials transparent to a 

65 UV laser having an output beam of (193-215) nm. 

21. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
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claim ^8 In which the step of scanning includes scanning . 
through a coated window made of materials highly trans- 
parent to an 1$ laser haying an output beam of (2^5-12) 
microns. 

22. A method of performing corneal re&active surgery by 
reshaping a portion of the corneal surface m accordance with 
claim 1 in which the step of controlling- said scanning 
mechanism includes, controlling said scanning which has a 
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patten, with f^lgfiffi^^"*** 

t?Mon whereby the WUM K „S % „^' ^ orien - 
critical. . : ' ■ profil ? uniformity is not 
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